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ABSTRACT 


Speed control of d.c. motors by phase-locked loops (PLL) 
is becoming increasingly popular. Primary interest has been 
in employing PLL for constant speed control. This thesis 
investigates the theory and techniques of digital PLL to 
speed control of a brushless d.c. motor with a variable speed 
యం. on. Addition of logic controlled count enable/ 
disable to a synchronous up/down counter, used as a phase- 
frequency detector, is shown to improve the performance of 


previously proposed PLL control schemes. 
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1. ۱۷ త ۶ ۵٤٥ 


Digital phase-locked loops (PLL) provide a means for very 
precise motor speed control. The speed accuracy is obtained 
by producing for each cycle of reference input one, and only 
one, cycle of output. Additionally, the digital components 
and shaft encoders used in PLL speed control are, to a large 
degree, insensitive to parameter variations due to component 
wear or environmental effects. Moore [Ref. 1] describes the 
design of a digital PLL speed control system, using the 
MC4044 phase frequency detector, to provide 0.002 percent 
speed regulation. The application of digital phase-locked 
loops to reference speeds is addressed by several authors 
[Refs. 2-5], in each case a constant reference is required to 
achieve accurate speed regulation, This thesis investigates 
the application of digital phase-locked loops to motor speed 
regulating and tracking of a variable and rapidly varying 
reference speed. 

Digital phase-locked loop speed control of a brushless 
d.c. motor further enhances the advantage of electronic 
commutation. The elimination of mechanical commutation in 
the control system improves reliability and increases 
lifespan. Additionally, the excellent response time, small 
size and high efficiency of the brushless d.c. motor makes it 
a logical choice for a host of new appiicac i omer Of 


particular interest are flight control actuator systems of 


Navy tactical missiles and space systems where 76 33 7 


and long life are essential. 


11, ۳۸5٢ (౨ 


Before describing the implementation of a digital phase- 
locked loop, using a Synchronous up/down 060282, نت‎ ( ис 


outline on phase-locked loop principles will be presented. 


A. _ PHASE-LOCKED LOOP Ek 
A basic phase-locked loop motor speed control system is 


shown in Figure 2.1. 
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Fig. 2.1 Basic PLL Motor Speed Control System 


The signals S] and S3 are pulse trains generated by the 
reference frequency (f1) with phase (0h) and ile MoE ٣ 


feedback frequency (or speed) (f9) with phase (09). So may 


be generated by an optical encoder mounted on the motor shaft 


or by Hall effect sensors mounted in the motor casing. 


The phase error pulse train Se is generated by the phase 


detector, it has a constant amplitude (+V) and pulse width 


proportional to the phase difference: 


De = 01 - G2 (eqn 2.1) 


Under phase-locked ግ በ " ከ ነ በ=. that is ۳ = f2, there is a 


synchronization, pulse for pulse, of Sj] and S29. Se will then 
be a train of pulses of constant amplitude (Vs) and pulse 
width (de/2W T). Figure 2.2 illustrates the pulse trains for 


a phase-locked system. Should a disturbance cause an 


۳ 


۷ 
RR edil do 
h |1 تت‎ —. do te 0 





Vs 


ase Detector Output, f] = f? 
with 0; Leading 0 


increase or decrease in f7» the pulse width and subsequently 


che average value of S, vill adjust accordingly. 
The pulse train S, can then be smoothed by a lowpass 


filter. ۱۱۲۳ filtered signal is then the average or d.c. 


component of Se: 


Now consider the case when the system is not in phase- 


lock. For ٧٥٥0216, 17 empu 21225 CO EE, and 


Se are shown in Figure 2.3. From Figure 2.3, it can be seen 


65 Jw 8ኛ 9ዊ 10 7۳ 


ZA 35+ 4% 27 





Fig. 2.3 System Not in Phase-lock, 


that vith each successive cycle of input the pulse vidth of 
Se increases unless f? increases. In order for the phase- 
locked loop to acquire "lock", three conditions must be met 
[Ref. 6]: 

1, The system must be stable. 


2. The frequency of the effective error signal should be 
within the bandwidth of the system. 


3. The average value of the phase detector's output, 
plus any amplification and bias applied, must be 


sufficiently large to drive the motor at the reference 
frequency. 


The average value of the phase detector output, when 


phase-locked, is shown in Figure 2.4 as a function of phase 


10 


emor. 1 ۰ 1۳۰۰ 11۱5۳ ۲ 6 the linear relationship 
between the phase error and the output of the phase detector 
hil Che reciol -20 to 29%. Vs represents the maximum 
output voltage of the phase detector. This model was 
originally suggested by Moore [Ref. 1] and can be used to 
determine the range of frequencies over which the phase 


detector can@aehieve leek. 





Ылә?" Phase Detector's Output as a Function of 
Phase Error 


In order to evaluate the frequency range over which the 
phase detector can operate, a constant, K, is defined to be 
the gain of the motor loop in (rad/sec)/volt. The frequency 


be‏ زه 6ه 


۲ - ۶0۵ + ۲ و‎ ۲ (eqn 2.2) 


౨ ౨ ౧౭౦౧౦౬౦౯ frequency due to a bias voltage. The 


11 


maximum ORE Vavg OC CI DS when Û e = 2 er ， then Vavg = + Vs 


Similarly for ۸1 -2 «umts Vavg * -Vs: The lock range is 
then 
fg - K Va/2"r «f» (lock) KE OT (eqn 2... 


which is defined to be the range of frequencies that the 
system can operate over while maintaining phase lock [Ref. 


5): 


6 ۰" ۹9 99۷۶ ۷۷۷۷٤۶٣ 

In a digital phase detector, the phase difference is 
measured by the time difference between the rising (or 
trailing) edges of S4 and 329. A state diagram of a digital 
circuit which senses the leading edges of the input signals 
and changes states accordingly, as suggested by Tal [Ref. 2], 
is shown in Figure 2.5. A rising edge on S] (SITO = midas 
the state to the right | ии O (S>) shifts Cie 


state to the left. If the phase detector دل‎ 1 ٢ NM . 





Fig. 2.5 Three-state Diagram of Digital Phase Detector 


and a rising edge on S] or 87 06605578651012 lo MM MN ии. 


"0" state, the state remains the same. For the three-state 


n 


phase detector, five conditions can exist: 


1. fy = 52. o] leads S2 the output switches between О 
and +Vs. 


2. f] - f2, S2 leads S], the output switches between -Vs 
and O. 


je 5 91 istin phase with 2» and the output is 
Zero. 


à. fl > f2, the output switches between zero and +Vs 
with more time spent in the ነ state. 


3, £2 > £1, the output switches between -Vs and zero 
with more time spent in the =V, state. 


The three-state phase detector is subject to a false lock 
hazard because it cannot encode phase errors greater than 2®. 
se lock condition is illustrated in Figure 2.6. Note 


the region labeled false lock in Figure 2.6. SL has a 


2۹ 3 4۲ öm 6S /t ከኛ 


1 سم 


Пора иә 





Hi? 2.0 False Lock Hazard 


leading edge which rises when its phase is 67, at that time 
the phase of S9 is 3.697. The phase error, from equation 2.1 
is 


3 


Do = "6 OT ۹ (eqn 2.4) 


The pulse width of the phase detector, in terms of the 


reference T, should be 
Pulse width /م0 د‎ 2 Ta (eqn 2.5) 


This, however, is not in agreement with the mechanics of a 
three-state phase detector. Because the phase detector is in 
the +V state when S4 rises at 6% , it simply remains in the 
+V state. When 5 rises at 4% , the phase detector 
transitions to the "0" state. The phase detector has a pulse 
width, from Figure 2.6, of 0.4T in the region of false lock. 
The average value of the phase detector over the fourth time 


period, where the false lock occurs, is 


CAR 8ቡ 
[ RE = 
vav dh Sedo چ + چ‎ (ods OV, — (eqn 2.6) 
E 6r (A TY 


From equation 2.4 the phase error in the false lock region is 
greater than 275 According to Figure 2.4, the average 
output of the phase detector for phase error greater than 
2 ٩۲ should be +Vs, however from equation 2.6 avg is only 


0.2Vs. Therefore, a false lock condition can exist. 


Co n=>TATE PHASE FREQUENCY DETECTOR 
A method for eliminating the false lock hazard is 
suggested by Whitaker and Tal [Ref. 3]. The approach is to 


increase the number of states available to the phase 


14 


detector. À state diagram for a n-state phase detector is 


shown in Figure 2.7. The n-state phase detector provides a 


S 


SN 





Fig. 2.7 State Diagram for n-State Phase Detector 


mechanism to encode phase differences greater than 29%. As 
with the three-state phase detector, the time duration 
۳ ۶ 1 21: edges of Sj and 55 is a measure of phase 
difference (when less than 247). With the n-state phase 
detector, however, a phase difference greater than 2% is 
encoded by a transition to a higher state. Each transition 
to a higher state is equivalent to an integer multiple of 
ДИ, 

To illustrate how the n-state phase detector avoids the 
false lock hazard of the three-state phase detector, observe 
Figure 2.8. The pulse trains in Figure 2.6 are shown again 
in Figure 2.8, this time with a n-state phase detector. Note 
౨౮౦౮౦౨ 52౨౫” more than ZM, it is encoded by an 
increase in amplitude in the phase detector's output. 
Comparing the output of the n-state phase detector, Figure 


2.8, to the three-state phase detector, Figure 2.6, reveals 


ES 


the advantages of an increased in available sta e TOT ٥٠٦ 


n-state phase detector, in the time period GE ine ۹٦ص‎ 





0 ጭ 2۹۳ IN 3100 و٢‎ 6۹۳ /ብ' దిశ مال و‎ 





በ 


cine period of interest 








Fig. 2.8 Output of n-State Phase Detector 


pulse duration between rising edges of Sj and 55 has not 
changed, however it has increased in amplitude. Therefore, 


the average value during the period will be 


ፌ.ላሱ eT 
BM V 0 
2 5 
1 ! =, a ዱዱ ጨ ጨመ mz . V 
Yavg ^ ЗАК Se da ev (ag 0 51 44 25 (eqn 2.7) 
GU GN G.A ۲ 


Examination of Figure 2.4 indicates this would be the 
desired average value for a phase error of 2.4%, if the 


phase detector was not limited to ۰ 


III. SYNCHRONOUS UP/DOWN COUNTER IN PHASE-LOCKED LOOPS 


Implementation of the n-state phase frequency detector, 
as suggested in Chapter 2, is quite straightforward. With an 
up/down counter and D/A converter (DAC), the state diagram in 
Figure 2.7 can be easily realized. In operation, the leading 
edge of a reference signal pulse (Sj) causing a count up 
(state transition) and a leading edge of the feedback signal 
7 /7C Sing ağecunt down. The action of such a device is 
described by Geiger [Ref. 4] to be a frequency error 
integrator. 

The action of the up/down counter is a stepwise increase 
or decrease in voltage with each leading edge of the input 
signals. Clearly, if a difference exists between the 
frequencies of Sj and So, the output of the up/down counter 
will adjust according to the more frequently occurring pulse 
train. If the output voltage of the up/down counter is 
applied to a d.c. motor, with the motor's speed as the 
feedback signal (52)፣ then the motor's speed will adjust with 
the increase (decrease) of voltage until the frequency error 
is zero. In this sense the up/down counter can be considered 
a frequency detector. 

Once the two input frequencies are nearly equal, the 
up/down counter will alternate between two values, changing 
with each input signal leading edge. The output would be a 


pulse train of constant frequency and pulse width, with an 


ل1 


average value sufficient to drive the motor at the reference 
frequency. Should a frequency difference occur ۳ ۱ 9 
width would adjust accordingly as in a phase detector, or if 
the frequency error continued, the counter would eventually 


change count. 


A. UP/DOWN COUNTER AS A FREQUENCY ERROR INTEGRATOR 

The input pulse trains S] and S29 and the output of an 
up/down counter-DAC are shown in Figure 3.1. The example in 
Figure 3.1 assumes the feedback signal 52 comes from a motor 
initially at rest which accelerates to a locked condition. 

AS can be seen in Figure 3.1, with an initial large 
difference between fj and f5, the counter counts up rapidly. 
As the frequency difference becomes small, the rate at which 
the counter increases decreases. The effect is similar to a 
frequency error integrator. 


The output of the up/down counter-DAC can be expressed 


as 
ల ии ии, (eqn 3.1) 
where A count change ٣٣٣ 
Kc = incremental voltage of each count 
AVo = change in output voltage of DAC 
also 
Ko = Vmax/Countmax ۱2۳ ии 
where Vmax = maximum DAC voltage 
Countmax = maximum count available to the 


the counter (8 bit counter = 255) 
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Fig. 3.1 Up/Down Counter as a Frequency Error 


Integrator 


۳ 


The change in count in a time period is the number of cycles 


of S1 less the number of cycles of 59» 
ACount = 5: - f2) At (eum NET 


Substituting equation 3.3 into 3.l yields 

۵۷۵ = Ke (f1 - fo) At eqn 3.43) 
or 

AVo/At = Ko (f] - £5) (eqn 3.4b) 
taking the limit as t20 


dim AVg/ bt = dVg/dt = Ko (f1 = f9) (eqn 3.5) 


ኪር ጭር 
and integrating both sides with respect to time 


= Ke 1 (a fə) dr C (eqn 3.6) 


From equation 3.6 the up/dovn counter is a true frequency 


error integrator, with resolution subject to the step size 


Ke: 


B. THE UP/DOWN COUNTER AS A PHASE FREQUENCY DETECTOR 

When the reference and feedback frequencies are very 
nearly equal, the counter will hold its count with a duty 
cycle in its least significant bit (LSB). The duty cycle is 
a result of the counter transitioning on alternating leading 
edges of Sy and S3- The count stored by the up/down counter 
is sufficient, within the counter resolut tonik, ల. 
motor at the reference frequency. 

With the frequency difference resolved by the up/down 


counter, the phase error is measured by the time duration of 


20 


the LSB in its high state. The output of the up/down counter 
under "frequency locked" conditions is shown in Figure 3.2. 
The average voltage output of the up/down counter-DAC 


will be 


vavg = Va + Tg/T * (Vn41 - Ҹа) ضوع»)‎ 3.70 


vhere Ta is the time duration of the LSBin Vi,şı? and Tis the 


period of the reference frequency. 


LE uu 
లం ںی‎ 





Fig. 3.2 Up/down Counter-DAC Output 


Figure 3.2 and equation 3.7 illustrate the phase lock 
Gb ር ር 1 of the up/down counter. The discrete 


voltages NS and Vn+] do not provide the exact voltage 


necessary to drive the motor at the reference frequency. The 


duty cycle of the LSB provides the incremental adjustment 


21 


between Vn and Vn+,1 to satisfy the average voltage 


requirements for a given motor speed and torque. 


C. IMPROVED TIME RESPONSE OF THE UP/DOWN COUNTER PFD 

In choosing the pi down counter ౨౯౦ ౭ ٣ 
(volts/count), consideration must be given to the trade off 
between: 


l. Integration and frequency lock resolution. 


2. Rate at which counter can change voltage levels. 


SE ౩ very small, the up/down counter could 
resolve the discrete vyoltagemlevels. Vo and Vp n ٥٥٥۳ 
3,2 to an almost insignificant difference. However oM 
change in reference frequency or a torque load induced 
frequency error, the counter must count up (or down) to a new 
operating value. In this case a large value of K 7 
desired. With a large kK, the counter could change to the new 
operating value in only a few cycles, then rely on the duty 
cycle of the LSB to compensate for the loss in resolution. 
The primary purpose of the up/down counter-DAC is to 
provide the d.c. voltage required to drive the motor at the 
reference speed. With this in mind, an alternative approach 
to improving the time response of the up/down counter exists. 
From Figure 3.1 any down count when f3 < f] only slows the 
counter from reaching the required count value. Likewise, 
for f) » fj». a count up is undesirable. ht che expense of 
additional hardware to sense the over/under frequency 


condition and logic circuits to enable and disable the 


22 


counter accordingly, the counter's time response can be 
significantly improved. 

In order to provide the necessary logic signal to 
wae disable the counter's up/down inputs, digital 
ఆ to voltage converters (F/V) must be added to the 
system. Referring to Figure 3.3, National Semiconductor AN- 
210 frequency-to-voltage converters, which employ phase- 
locked loop techniques, may be used to provide precise 
frequency-to-voltage conversion. The voltage output of the 
|| converters, through a differential amplifier with gain 
Kp, provides a signal which is positive if f] > f> and 
negative if fa > f]- This signal, through logic gates, 
inhibits the appropriate counter input. Ihe innibit 1S 
accomplished by combining through OR gates a steady high 
logic level with the input pulse train to be disabled. 
Figure 3.3 illustrates the basic implementation of the 
sumcuit. 

The addition of the F/V converters and differential 
amplifier provides an additional advantage. They can be used 
to provide a proportional gain path. The addition of a 
proportional gain path enhances the overall stability of the 
system and provides a source of drive when a large frequency 
error exists. This is an important factor since the up/down 
counter no longer acts as a frequency error integrator until 
the error is very small. The action of an up/down counter 
with logic controlled count enable/disable cutouts is shown 


౨ 234. AS in Figure 3.1, the example assumes the 
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signal 52 comes from a motor Initially al we 


accelerates to a locked cond TEON: 
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Fig. 3.3 Up/down Counter ۹۶ ٣ +7٤۴ 
Enable/Disable 
The initial idea to include the logic controlled count 


enable/disable in the up/down counter must be categorized as 


24 


an intuitive approach. The idea occurred while observing the 
behavior of the up/down counter in a computer simulated PLL 
scheme with a ramped reference frequency. The response of 
the up/down counter-DAC to a ramped reference frequency and 
subsequent motor speed response are shown in Figure 3.5. 

As can be seen in Figure 3.5 as the reference frequency 
begins to ramp up, the counter begins to increase at an 
exponential rate. The motor speed follows the exponential 
rise of the counter and speed tracking is lost until the 
reference frequency becomes constant again. 

Various filters were initially tried in an attempt to 
inhibit the up/down counter's exponential rise, these proved 
to be unsuccessful. Finally in a "brute force" attempt, 
logic cutouts were included in the simulation model. The 
effect was immediately noticeable, the system began to track 
variable reference frequencies with negligible error. 
Additionally, its response to torque disturbances was 
significantly faster. An example of the PLL system response 
with the logic cutouts is shown in Figure 3.6. 

౨౧౫.౦౧ 108216 controlled up/down count, 
enable/disable introduces yet another nonlinear element to 
the discrete nature of the digital PLL. And indeed makes an 
analytical solution to the behavior of the control system 
very difficult. A design procedure based on a linearized 


model and computer simulation is presented in Chapter 5. 
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క ౩6 D.C. MOTOR AND OPTICAL ENCODER 


The brushless d.c. motor has the same torque-speed 
aaa ter istics as thog Conventional d.c. permanent magnet 
motor; what sets it apart is its lack of mechanical 
commutation components., It also has the advantages of [Ref. 
DN 

1. Increased mechanical power with decreased size. 


2. Better heat dissipation capability. 


ጠመን ዘ ከሠማ ከ ው ከው. MOTOR PRINCIPLES 

The elimination of mechanical commutation components by 
means of electronic switching means improved reliability and 
longer life. Additionally, elimination of brushes allows the 
motor to be used in explosive environments or where carbon 
dust could be detrimental to adjacent components. 

In a brushless d.c. motor, permanent magnets are 
typically mounted on the rotor shaft and windings are placed 
in an external, slotted stator. This configuration allows 
for a low rotor moment of inertia and a more direct path for 
heat dissipation to the environment. It also means a more 
complex electronics package is required to provide current 
switching in the motor's windings. 

۶۰۰۰ 1 principle of brushless commutation is to 
| switch current to the appropriate stator 


winding. The logic signals for switching to the appropriate 
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winding are provided by shaft positions sensors, which can be 
Hall effect sensors or optical encoders for exampleA more 
detailed analysis of brushless commutation was reported by 


MacMillan [Ref. 8]. 


8.2 -OPTICAL T ENCODER 
The basic optical encoder is shown in Figure 4.1. The 
disk is a flat plate fixed to the motor shaft with N slots. 


The number of slots, N, can be as few as desired, however, 


Source Disc Grating Sensor M 
ED = 
— am 


Fig. 4.1 Exploded View of An Optical Tachometer 





there is a practical upper limit اه‎ N for a piven ٥ 
diameter. There is also an ultimate limit on N due to the 
wavelength of light. Typically for a 2.5 inch diameter disk 
the maximum line density is 5000. 

The grating shown in Figure 4.1 is necessary when the 
sensor size is large in comparison to the slot spacing. An 
example of the need for grating is illustrated in Figure 
4.2(a). In this example the sensor cea'not distinguish when a 


slot passes between the light source and the sensor. With a 
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Line 
spacing Disc tines 
ofthe ^ ^| 1 (in motion) 
disc | Motion» 
Disc ! 
lines GQ GO CoO co ay — cn cn cn cn c3 c5 ح‎ 
i 1 (cos Y eso Moss فحت تحت‎ ፦ 


Grating 
Sensor | 
diarneter 


(a) (b) 


1277757 Ca) Sensor cannot distinguish change in light 
intensity with each passing slot. 
(b) Grating effectively blanks light with 
each passing slot. 
grating, which has the same line spacing as the disk, held 
stationary between the disk and the sensor, the light is 
completely blanked out with each passing shot as shown in 


Figure 4.2b. 


The sensor transmits a pulse train with the frequency 


ftach = Nfshaft (eqn 4.1) 
where ftach = frequency of the feedback pulse train 

N = disk line density (pulses/cycle) 

fshaft = speed of motor shaft (cycles/sec) 


It should be noted, the encoded pulse train is actually 
position information. In order to determine the frequency of 
the motor shaft, a number of pulses over a period of time 


must be measured. 
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ftach = APulse/ Atime (eqn 4.2) 


NPulse = change in pulses (count) 
Substituting equation 4.2 in equation 4.1 
APulse/Atime = ئ0‎ 
taking the limit t-0 
Lown APulse/A time ==edrulsc/dt ıı. (eqn 4.3) 


integrating both sides with respect to time 


Pulse = ۱ | share dt + C (eqn 4.4) 


Taking equation 4.4, the pulse train is N times the 
integral of shaft frequency. The integral of shaft frequency 
is shaft position, therefore the pulse train is N times shaft 
position with the constant of integrating C being the number 
of past pulses. The optical encoder is an implied integrator 
with gain N. 

The optical encoder, used as a velocity sensor, is 
superior to the generator type tachometer for a fundamental 
reason. It has fewer moving parts. Additionally, its output 
is not subject to variations due to variations in air gap, 
temperature, and magnetic strength. Over a period of time 
the velocity feedback provided by a properly mounted optical 


encoder will иси 
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۷۰ PLL SYSTEM DESIGN AND COMPUTER MODEL SIMULATION 


— AAN e At 


The nonlinear nature of the digital phase-locked loop 
scheme suggested in Chapter 3 makes an exact analytical 
design procedure very difficult. A simplified approach is to 
make a linearized approximation of the system, then using 
computer simulation to determine the values for the control 
parameters to achieve the desired response. 

A block diagram for the phase-locked loop scheme, using a 
logic controlled count enable/disable synchronous up/down 
counter as a phase frequency detector, is shown in Figure 


5.1. lhe parallel proportional control path has gain, Kp? 


OPTICAL 
ENCODER 





битки ۱9۰۲ Diagram of Digital PLL Control 
Scheme Indicating Nonlinear Elements 
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and a saturation nonlinearity. The saturating voltage levels 
of the proportional gain path play an important role in rapid 
system response and degree of overshoot to step inputs. 

The interaction between the proportional control path and 
the up/down counter PFD will be examined along with the 
filter and optical encoder parameters in the following 


sections. First, however, the motor model will be presented. 


A. BRUSHLESS D.C. MOTO SOULE 

The brushless d.c. motor is basically an open loop 
system. The phenomenon of back emf, however, serves as a 
"built-in" feedback loop which gives the system stability. A 
block diagram for the brushless d.c. motor is shown in Figure 
5.2, illustrating the feedback effect of the back emf and the 


insertion of a torque loading [Ref. 8]. 





Fig ۲ D.C. Motor Block Diagram 
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The transfer function for an applied voltage is 


B. nT. “ 7050 a. 
E(S) LJS+(LBm+RJ)S+(RBm+KbKT) | 


and the tachometer velocity CD, is 


CJ. = ۷ Он (eqn ጋ Kə 


where N is the optical encoder line density. 
A listing of typical parameters for a brushless d.c. 
motor is provided in Table l. These are the motor parameters 


used in the system design and simulation. 


TABLE l 


TYPICAL MOTOR PARAMETERS 


Stator inductance L 0.0016 Henry 


Stator resistance R 2.74 ohms 
Torque constant CT 09 oz-in/amp 
Back emf constant 8ء8‎ 2 ల see) 
Rotor inertia OOO z 10 (rad/sec2) 
Optical encoder disk 

inertia Jo 0.002 oz-in/(rad/secZ) 
Total motor inertia J 050007 aim) (rad/ see”) 
Viscous friction 

coefficient Ba 0.0015 oz-in/(rad/sec) 


5400090 xn factored form, assuming R B, to be 


negligible compared to «۵ 


| 
CS) = Kp (eqn 5.3) 


一 


COS) TSC 
where ፒ።- ə : هر‎ - / 
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with Pj and P5 being the roots of the characteristic equation 
LJS + త్య శా ట్రక్‌. (eqn 5.4) 


substituting the values from Table I into equation 5.4 yields 
Pi = -254 Eo S m 


and the time constants 
m = 3.94mS : 12 = 685.9 AAS 


The motor is a stable second order system with two real 
roots: For a given input voltage it will provide a constant 
speed. However, because the motor is an open loop system, it 
cannot provide for speed regulation in the presence of torque 
loading or disturbances: In order to provide speed 
regulation, the phase-locked loop is included as a method of 


speed control. 


B. DIGITAL PHASE ) YOYE 7+ 

The block labeled switching logic in Figure 5.1 is the 
up/down counter's enable/disable logic as discussed in 
Chapter 3. The output of the switching logic shows three 


paths, which are the modes available to the up/down counter, 


namely: 
b СӘ, * О), , down count disabled 
De ۰نی‎ , up count disabled 
5. (OD: бу , up/down count possible 


In modes 1 and 2 the system is not pnase-locked and the 


up/down counter acts as a variable voltage in a path parallel 
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and added to the proportional control voltage. The rate at 
which the up/down counter varies depends on which logic mode 
it is in and whether the "driving" signal is a constant or 
variable frequency. 

As an example, let CO,» CO, and (dy is constant. That is, 
a constant motor speed is desired and the motor is under 
speed. The proportional control path, from the frequency-to- 
voltage converters through the differential amplifier in 
Figure 3.3, will provide a voltage (V 5) that is proportional 
۳ ۱ 1: ۰ between the reference speed (CO.) and the 
feedback speed ) within the saturation limits of the 


amplifier. 


Vo = Kp ) - C2) 


The up/down counter will count up (down count disabled) 
at ã rate proportional to Cə. With CG) being constant, the 


up/down counter output voltage (V.) will be 


7. ኸ0ርር10) for kT <t < kT+T (ean 5.5) 
where Ko = voltage increment/count 
T= 2/43 sec/count 


t time (sec) 
k = integer value of count 
u(kT) = unit step function 


From equation 5.5 the time required for the up/down 


counter to reach an operating voltage sufficient to drive the 
motor at the reference speed is a function of k and (O. 
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Now consider the case when C2, 7 CÓ : The motor is over 
speed and the counter will only count down (count up is 
disabled). The rate at which it will count down is 
proportional to G),. Initially, CO, is greater than C, and 
slows until LOS » which means the rate at which the 
counter changes also slows, but not less than Qp- The 
counter will count down faster than it counts up. 

The third mode which can exist is when the reference 
speed and feedback speed are very nearly equal. In this 
case, the system is phase-locked, the up/down counter is 
acting as a frequency error integrator, ond the proport tone 
control signal is nearly zero. Under these conditions the 
digital phase frequency detector can be modeled as a 
proportional-integral controller as shown in Figure 5.3 (see 


equation 3.60). 


Com 
FILTER MOTOR 





Fig. 5.3 Block Diagram of Digital PFD in Phase-Lock 


The block diagram in Figure 5.3 is only an approximation 


of the PLL scheme when the system is in phase-lock. 1 
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should be kept in mind, when choosing the system parameters, 


the system does operate in three modes. 


BLE DESIGN PARAMETERS 
The choice of system parameters depends on the system 
application. There are clearly trade offs to be made. This 
section will discuss how each parameter affects the system's 
response. 
1. Incremental Counter Voltage Kc 
1 ٣ K S the limiting factor in the dynamic 
range of control. It also affects the resolution of the 
frequency error integration and rate at which the up/down 
counter can change voltage. The rate at which the counter 
27 5 ts equally affected by N, the optical encoder line 
density. 
The minimum کی‎ ol KE is specified by the size of 
the counter (number of bits) and the range of motor speed the 


counter must track, 


సం (210) = Vrange/Countmax (eqn 5.6) 


where Vrange £ voltage range required to drive the 
motor over the desired speed range 


00 = maximum count available in the counter 


For example, it is desired to control the motor speed 
over a range of O to 1000 rad/sec. The voltage required to 


2157771 Cio motor at 1000 rad/sec is 112 volts. Assume an 
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8-bit counter, the ۷۵ ۶ 1 لا‎ ۲" Coun CHEN IS 23 256 ٤ 

i.-ludes 0, So the maximum count available is 255 then 

Kc (min) I volts/255 counts = 0.439 volts/ count Mi 77 
With 011۱15747321106 ۹ Ka the controller could drive ADE 


motor at 1000 rad/sec assuming no torque loading or other 
disturbance. If a torque load is expected at the maximum 
speed of operation, K, must be increased to avoid exceeding 


the counter's limit. Exceeding the counter's limit must be 





avoided, most up/down counters cycle to zero when their 
maximum count is exceeded. 

Figures 5.4 through 5.71 illustrate the et € 
frequency error integration resolution and time required to 
achieve phase-lock for two different values of እ (all other 
system parameters being the same). In Figure 5.4, with Ke 
3.30, it takes 5,25 ms for the counter to reach Ma (see 
Figure 3.2 and equation 3.7). The largest percent error 
variation from the reference speed is 0.0537% in Figure 5.5 
once phase-lock is acquired. In Figure 5.6, with Ke = 1.32, 
it takes 14.0 ms for the counter tome ci Va. However, the 
percent error variation from the reference speed is only 
0.01864 in Figure 5.7. 01852175 aer amoo Kc has 
the advantage of acquiring phase-lock much quicker at the 
expense of speed regulation error. 

2. Optical Encoder Line Density N 

The rate at which the counter counts up and down is 


directly affected by the optical encoder line density. From 
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equation 4.1 the optical encoder acts as an amplifier and is 
so represented in the system block diagram (Figure 5.1). The 
counter is triggered by the leading edges from reference 
frequency pulse train and feedback pulse train which are N 
times the desired motor frequency and N times the motor 
frequency respectively. By increasing N, the rate at which 
the counter will change also increases. 

Figures 23.8 and 5.9 illustrate the effect of 
increasing N from 36 (in Figures 5.6 and 5.7) to 120. In 
Figure 5.8 the system acquires phase-lock in 6.30 ms as 
compared to 14.0 ms with N = 36. The speed error is further 
reduced to less than 0.008 percent by increasing N. 

From the discussion of optical encoders, Chapter 4, 
it is evident that the position of the motor is "sampled" 
every 1/N revolution. The value of N then is a measure of 
the sampling rate of the system which, in part, explains 
the reduced speed error with increased N. There is a limit 
to increasing the value of N. As previously mentioned, N is 
a gain element and as such increasing N will tend to make the 
system unstable. 

3. Proportional Gain K, and Saturation Amplifier 


The proportional control voltage (Vp) plays an 


important role in the system response to step inputs of both 


reference frequency and torque. 
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From the block diagram, Figure 5.1 


Vp = Kp Qe if |Vo S Y sat (eqn 5.8) 
= 2 و‎ ۷۷۷۰ 
where Vsat = Amplifier saturation voltage 
and 
OE CO (eqn 5.9) 


with Q; = N + desired 50666 (6) 
یں‎ = N ° motor speed (Om) 
then 


Cd = N- (ር. ር.) (eqn 5.10) 


Substituting equat Tono, 10 MS o کت‎ ٣ 


Vo = KpN(CO,- CO) (eqn 5.11) 


from equation SO of both Kp and N. 
Clearly, if both K, and N are chosen to be large, then the 
proportional control voltage Vp? would be large for even 
small speed errors. 

The amplifier used for the proportional control 
voltage, со be practical, must have saturation limits i 
In order for the proportional control signal to operate in 
the linear region of the amplifier, the gain KpN must not be 
so large as to drive the amplifier into saturation for small 
speed errors when the system is in phase-lock. 

The magnitude of the saturation voltage must also be 
considered in the system design. A large saturation voltage 


provides a fast response for large step speed command inputs; 
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however, it causes an overshoot for smaller speed command 
inputs. An example of the system response to tvo speed 
commands using tvo different values for Vac ds Shomp in 
55102 د تا‎ 1 ۶٥05 5.13, In Figure 5.10 with Voar = 50 
volts and C4- 100 rad/sec, there is a 6% overshoot, with 
phase-lock acquired in 5.25 ms and a steady state error of 
less than 0.008 %, which is the same in Figure 5.11 except 
Vsat = 100 volts and there is a 15% overshoot. In Figure 
2.12 with Vout = 50 volts and ونم‎ 1000, there is a 52 
overshoot with phase-lock acquired in 10.2 ms. In Figure 
3.13 with Voat = 100 volts, there is a 2% overshoot but 
phase-lock is acquired in only 7.75 ms. Both have steady 
state errors of 0.0008% but with Vsat = 100 volts, phase-lock 
is acquired in less time. 
4, Filter 

In developing a design approach for the system 
filter, two characteristics become clear from simulation 
studies: 


l. A low pass filter induced an unacceptable limit 
eyele. 


౨౨ for the up/down counter to achieve a true 
phase-lock, with a high reference frequency input, 
the bandwidth of the linearized phase-lock model 
had to be sufficiently wide. 


Justification for the above statements is provided in 


the next section where the simulation studies are presented. 
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D. SIMU TON NES 

When analyzing a linear system the Bode diagram，Nichol's 
plot and other classical methods can be used to determine the 
system's transient response and stability. If these methods 
are applied to nonlinear systems, often the best that can be 
expected is an estimate of the nature of the transient 
response. In order to obtain more accurate predictions, 
simulation studies are used [Ref. 9]. 

À computer simulation model of the digital PLL system 
shown in Figure 5.1 was developed using the IBM Digital 
Simulation Language (DSL/360). A listing of the 1425 
program is provided in Appendix A. 

Figure 5.l illustrates the three modes of operation of 
the digital PLL scheme described in Chapter 3, using the 
up/down count enable/disable logic. Of primary importance to 
this thesis is the proper operation in the phase-locked mode. 

The linearized model in Figure 5.3 is an approximation of 
the system when operating in the phase-locked mode. The 


transfer function for this models 


COK ا‎ A ከከ 
CJ, ము : 5 2. ። ١ 65+ )()65+|(| (ean 5.12) 


where Kp = proportional gain (volts/(rad/sec)) 


Kc = Counter gain (౪౦|| 69/2 


Zp = filter zero 


D = filter pole 


N = optical encoder line density (pulses/rad) 


5 


5۰۳۷۲۰۰۱۹70 د‎ (8.929 (rad/sec)/volt) 


1/۳7 


1/254 sec 


K 
T 
T7; 1/P2 = 1/1458 sec 

The desired control system performance was to provide 
1. chan 0.5 percent speed error for a step or ramped 
reference speed over a range of 100 to 1000 rad/sec. Also to 
provide the same speed regulation with up to a 90 oz-in 
torque applied. 

In order to drive the motor at 1000 rad/sec the input 


voltage must be 
1000 (rad/sec)/8.929 (rad/sec)/volt = 112.0 volts (eqn 5.13) 


Assuming an 8-bit counter and &-bit DAC is used, the 


minimum value for K. (assuming no torque is applied at the 


maximum speed) from equation 5.6 


Ko = 112 volts/255 counts = 0.439 volts/count (eqn 5.14) 


An initial value of Ke = 0.66 volts/count was chosen in order 
to provide control for a torque load at maximum speed. 

The optical encoder line density, N, was arbitrarily 
chosen to be 36. 

In an initial attempt to facilitate a simplified design 
approach, the filter zero was chosen to cancel the low 
frequency pole of the motor. The filter pole was selected to 
be one decade larger than the filter zero to provide a low 
pass filter effect, that is to make the system bandwidth less 


than N1000 rad/sec. The initial saturation voltage of the 
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proportional control amplifier was chosensto DO 
to avoid overshoot for a step input of 100 rad/sec, and a 
proportional gain Ko = 0.066 was selected to insure a large 
linear region of operation. 

From equation 5.12 it can be seen the proportional- 
integral (PI) controller has a zero at Kc/Kp» therefore a 
sma value of Ko provides for a large zero and subsequently 
reduces the system bandwidth. 

Simulation runs were conducted using the above system 
parameters and it was observed that although the system 
behaved as expected for motor speeds of 100 rad/sec, as the 
speed was increased the up/down counter no longer would 
achieve a true phase-lock. At the higher reference 
frequencies the up/down counter would begin to transition 
between three voltage levels as shown in Figure 5.14. By 
reducing the value of N, it was found that the system would 
behave as expected at the higher motor speeds, however, the 
steady state error was significantly increased for lower 
speeds due to the reduced sampling rate. In an attempt to 
reduce the steady state speed error, the proportional gain 
was increased. It was observed that the reference frequency 
could now be increased before the system began the transition 
between three voltage levels. 

By increasing Ko» the zero of the PI controller is moved 
to a lower value and the system bandwidth is increased. 
Figure 5.15 is the Bode plot of system with the initial 


parameters. Figure 5.16 shows the increased bandwidth of the 
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system with Ko increased to 0.66. The output of the 


up/down counter for the motor speed of 1000 rad/sec is shown 
۱۳ ESILE 6 29 Clearly, there is a cycle for cycle 
correspondence between the input pulse train S; and the 
feedback pulse train 85, The output of the up/dpwn counter 
is a pulse train of constant frequency and pulse width, with 
an average value sufficient to drive the motor at the 
reference speed. 

Further simulation runs were conducted with Kp = 0.66 and 
increased values of N. The results were that the steady 
state output of the up/down counter began to exhibit the 
transition between three voltage levels again. Wot hag he 
successful results of extending the bandwidth by moving the 
PI controller zero, the bandwidth was increased by changing 
the filter pole-zero combination. A Bode plot of the system 
۲ ۰۱۳۲ - 72 and a filter zero at 5000 rad/sec and pole at 
50,000 rad/sec is shown in Figure 5.18. The steady state 
output of the up/down counter-DAC is shown in Figure 5.19, 
again by extending the bandwidth the optical encoder line 
density could be increased, from N = 36 to N = 72, and the 
system would acquire phase-lock. 

The objective is clearly to make N as large as practical. 
Increasing N has several beneficial effects, of particular 
benefit with the counter's enable/disable logic, increasing N 
ከበ፡ሽ፡፡፡፡፡፡ [ከክር rate at 1361 Che counter will change. 
Increasing N also reduces speed error by increasing the 


sampling rate when the system is phase-locked. From the 
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transfer equation, equation 5.13, the system bandwidth can 
also be increased by increasing Kc: 

An increase in the counter step size (K) reduces the voltage 
resolution (see section C.l); however, this can be 
compensated for by increasing the sampling rate. Increasing 
Kc. will also increase the rate at which the counter will 
change. 

Figure 5.20 is a Bode plot of the Syste wi tit mee 
Kp = 1.32 and N - 120. Figure 5.21 shows the up/down counter 
in steady state has acquired phase-lock with a motor speed of 
1000 rad/sec. 

An example of the controller's performance to a step 
input, followed by a ramp up, a ramp down, then a step down 
followed by a torque load, is shown in Figure 5.22. The 
following system parameters were used: 


Ke = 1.32 volts/count 


1:53:25 vio Bt s/ (rau sec) 


መ= 
ፒጋ 
ዘ 


YE 一 +50 volts 
ከ ን ን ከ ٦ 


F(S) = 10 ፡ ((5+5000)/5+50000)) 


The control scheme is capable of tracking the reference 
input over a wide range with less than 0.02% error and 


regulates for a torque load of 90 oz-in. 
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VI. SUMMARI 


A. REMARKS AND CONCLUSIONS 

Digital phase-locked loop has been shown to be a viable 
method of accurately and reliably controlling the speed of a 
brushless d.c. motor. The addition of logic controlled, 
count enable/disable, to a Synchronous up/down ጊጊ. 
shown to improve the performance of previously proposed PLL 
control schemes. An exhaustive search of operating 
conditions demonstrated the enhanced stability of the system 
and its robust nature to parameter variations. 

Digital computer simulation of the phase-locked loop 
scheme proved to be an invaluable aid in its development. 
However, there still exists a need to develop an accurate 


mathematical model. 


B, RECOMMENDATIONS FOR FURTHER STUDIES 

The computer simulation model assumed an ideal digital 
frequency-to-voltage conversion. It is recommended that for 
further studies a more advanced model of the AN-210 PLL 
frequency-to-voltage converter be included. 

The model and analysis in this thesis were developed from 
linear control theory. Future studies could be conducted 
using discrete control theory and the z-transform. 

It is certainly recommended that the control scheme be 
implemented in hardware and tested with a specific 


application in mind. 
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APPENDIX A 


LISTING OF MODEL PROGRAM 


The program listing in this section is a basic program 
mE Simulates the action of a digital up/down counter and 
brushless d.c. motor. The motor that was modelled was a 


commercially available brushless d.c. motor. 
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